The causes of central nervous system (CNS) dysfunction in uremia are not well known and are not completely reversed by dialysis. This problem was investigated in synaptosomes, which are membrane vesicles from synaptic junctions in the brain. We measured Na uptake under conditions of control, veratridine stimulation, and tetrodotoxin inhibition, in synaptosomes from normal and acutely uremic (blood urea nitrogen, 250 mg/dl) rats. In the control state, maximal Na uptake was 2.2±0.2 and 1.9±03 nmol/mg of protein in normal and uremic synaptosomes, respectively. With veratridine stimulation, Na uptake was increased by 1.9 and 3.6 nmol/mg of protein in normal vs. uremic rats (P < 0.001). The increased veratridine-stimulated Na uptake observed in uremia could be due either to increased membrane permeability to Na or decrease in the Na-K ATPase pump activity. To investigate this, we studied the Na-K ATPase pump function by evaluating uptake of K (using rubidium as a tracer), uptake of Na during ATP stimulation, and inhibition of Rb and Na uptake by ouabain. In uremic rats both Rb uptake and ATP-stimulated Na uptake were significantly less than in normals (P < 0.005). This suggests a defect in the Na-K ATPase pump. Membrane permeability for Na was then evaluated both by measuring initial Na uptake, and with addition of valinomycin. No change in Na uptake pattern was observed with valinomycin, and initial Na uptake was not significantly different in normal versus uremic synaptosomes. These data show that (a) in uremic rats veratridine-stimulated Na accumulation is significantly greater than normal; (b) the increased Na accumulation observed in uremia appears to be due to alterations in Na-K ATPase pump activity, and (c) the
understood and is only partially corrected by dialytic therapy. Studies of the central nervous system in humans with renal failure and in animal models of renal failure have revealed no consistent pathologic changes (2) . Biochemical studies in the brain of animal models with renal failure have also been generally unrevealing. The brain content of several ions (Na, K, Mg, C1, bicarbonate) and water are not abnormal (2, 3) , and brain intracellular pH (pHi) is also normal (3) . Brain content of high-energy phosphate compounds (ATP, phosphocreatine) is normal, although their turnover rate appears to be decreased (4) . There may be altered permeability of the uremic brain to certain molecules, such as sodium, potassium, and inulin (5) .
Among the few positive findings in uremic brain is an increased brain content of calcium, which appears to be parathyroid hormone (PTH)' dependent (6) . There are also associated abnormalities of the electroencephalogram, which are PTH dependent (7, 8) . In addition, increased levels of aluminum in the brain may be related to some forms of uremic encephalopathy (9) . However, removal of certain potential "uremic neurotoxins," such as aluminum or PTH, does not reverse uremic encephalopathy, although parathyroidectomy in uremic subjects does result in improvement both in physiologic testing and the electroencephalogram (10) . Thus, other biochemical alterations are most likely present. Elucidation of these abnormalities would be difficult in in vivo whole animal models.
In using in vitro systems, other investigators have found abnormalities in both enzyme activity and certain transport phenomena. In erythrocytes from uremic subjects, both Welt and associates (1 1, 12) and Woods and co-workers (13) have shown abnormalities of sodium transport. In extracts from uremic rat brain, the Na-K ATPase enzyme activity has been reported to be normal to low (14, 15) .
There are subcellular systems available for studies of brain metabolism. One such system is the synaptosome. When brain tissue is homogenized in isoosmotic solution, the bulblike presynaptic nerve endings are sheared off and resealed to form intact vesicles. These vesicles are called synaptosomes, and they function morphologically and biochemically as intact nerve endings do (16) . Similarly to nerve terminals, the synaptosomes contain synaptic vesicles, mitochondria, and cytoplasmic volume (17, 18) and are metabolically active. The synaptosome can be studied as an intact system or be lysed into its constituents and ghost synaptic plasma membrane (19) . Synaptosomes have been used for the investigation of synthesis, storage, and release of neurotransmitter substances; ion transport and the effect of various drugs and toxins on numerous metabolic processes have also been studied (20) (21) (22) (23) (24) . Because of the unique properties of synaptosomes, they ap- peared to be an appropriate model to investigate the effects of uremia on the central nervous system.
Methods
General. Experiments were performed on 200-g male Sprague-Dawley rats and were carried out in paired groups of normal and uremic rats.
The rats were made acutely uremic (blood urea nitrogen, 250 mg/dl) by performing bilateral ureteral ligation under general anesthesia (ketamine, 150 mg/kg of body wt) administered intramuscularly. They were then placed in cages and fed regular rat laboratory diet and had free access to water along with the control groups. At 45 h, the rats were killed by decapitation and their forebrains were removed and immediately placed in 10 ml of ice-cold isolation medium (320 mM sucrose, 0.2 mM K-EDTA, 5 mM Tris-HCl, pH 7.4) at 0-40C. The normal and uremic brains were processed simultaneously, but kept separately in distinctly marked containers. For each experiment, four rat brains were pooled for isolation of synaptosomes. All further experiments were carried out at 0-40C.
Isolation of synaptosomes. Synaptosomes were prepared by modification of the method of Gray and Whittaker (25) . The brains were chopped finely with scissors and rinsed three times with 5-10 ml of isolation media to remove any blood. The extract was then brought up to a volume of 15 ml with isolation media and poured into a glass Dounce homogenizer (clearance 1 mm) and homogenized with 15 evenly pressured up and down strokes, pausing for 10 s after every three strokes to prevent the generation of heat by friction. The suspension was then brought up to 30 ml with isolation media, divided equally into two glass centrifuge tubes, and spun at 1,300 g for 3 min
with a centrifuge (model J21 B; Beckman Instruments, Inc., Fullerton, CA). The supernatant SI was poured off and saved, while the pellet PI was resuspended in 15 ml of isolation media by homogenization. The suspension was again centrifuged at 1,300 g for 3 min, and both supernatants SI and S2 were combined. The combination was centrifuged at 1,300 g for 3 min, the pellet P3 was discarded, and the supernatant S3 was spun at 18,000 g for 10 min to obtain the crude synaptosomalmitochondrial pellet. The pellet was resuspended in 15 ml of isolation media by homogenization with three strokes. Aliquots of 7.5 ml were then layered upon a discontinuous Ficoll gradient consisting of 13 ml of 11% Ficoll at the bottom of the centrifuge tube, upon which was layered 13 ml of 7.5% Ficoll. Ficoll was dialyzed for 5 h before use. The gradient was then ultracentrifuged at 100,000 g for 70 min with an ultracentrifuge (model L5-50, SW28 rotor, Beckman Instruments, Inc.). On completion of the spin, the purified synaptosomes were located at the interface between the 11 and 7.5% Ficoll layers. The brown mitochondrial pellet was adherent to the bottom of the centrifuge tube, and a small band of myelin layer was found at the interface of the isolation media and 7.5% Ficoll layer. The synaptosomes were removed by suction with a plastic disposable pipette and the pellet was brought up to 20 ml with ice-cold isolation media. It was then spun at 17,000 g for 10 min and the pellet was brought up to 15 ml with isolation media. The suspension was divided into 0.5-ml aliquots and stored at -80°C. The frozen synaptosomes were then able to be used for transport studies for periods of many months thereafter.
Protein determination. Protein concentration was determined as described by Lowry et al. (26) . The extraction method yielded about 100 mg of synaptosomal protein per 4 g of rat brain cortex. For calculation of the results, protein concentration was measured from the final synaptosomal suspension used for transport studies.
Total internal synaptosomal volume. This was determined by the method described by Padan and associates (27) . [methoxy-'4C]Inulin was used to measure the external space and tritiated H20 was used to determine the total pellet water. Internal synaptosomal volumes during experimental condition were also assessed by using [3H]mannitol which was used as a marker for intracellular water (28 A TP assay. Native intravesicular ATP was measured in the following manner. A 20-mg aliquot of synaptosomal protein was thawed rapidly at' room temperature. It was then suspended in 5 ml of preequilibrium media consisting of 150 mM KCI, I mM MgCl2, and 5 mM 3-(Nmorpholino)propane sulfonic acid (MOPS)-KOH at 370C, pH 7.4, and incubated for 10 min. The suspension was spun at 10,000 g for 10 min, and the pellet was resuspended to 10 mg/ml in the same media and incubated for 5 min at 250C. The incubation was terminated by adding perchloric acid to a 4% final concentration. After centrifuging at 10,000 g for 10 min the supernatant was removed and neutralized with 4 N KOH, 0.8 N KCI, and 0.8 N imidazole, pH 7.5. ATP was then analyzed by modification of the method described by Lowry and Passonneau (29) .
Sodium uptake assay. For sodium influx studies 0.5-ml aliquots of synaptosomal protein containing -8.0 mg/ml of protein was thawed at room temperature and allowed to incubate in 2.0 ml of preequilibrium media (150 mM KCI, I mM MgCl2, 5 mM MOPS-KOH, pH 7.4) for 10 min at 37°C in a manner similar to that of Gill (24) . In some studies choline chloride was substituted for potassium chloride. The suspension was then centrifuged at 20,000 g for 5 min, and the pellet was resuspended in 400 1A of the same preequilibrium media and stored at 0-4°C until the transport studies were begun. Sodium uptake was started by adding 80 Ml of synaptosomal vesicles (-800 Mug of protein) to 1.52 ml of external media, which then constituted the reaction media. The external media contained 140 mM choline chloride, 5 mM MgCl2, 0.2 mM EGTA, 5 mM MOPS-Tris, pH 7.4, 1 mM NaCI, 5.2 MCi 22Na '-16 X 106 cpm at 25°C. Depending on experimental protocol, the appropriate additions of inhibitors and stimulators of sodium uptake (ouabain, veratrine HC1, tetrodotoxin, and valinomycin) were added to the external media. Veratrine is a mixture of four alkaloids, 25% of which is taken to be veratridine (23 Booth and Clark (16) . The incubation media contained 3.0 ml of 100 mM NaCl, 75 mM mannitol, 25 mM sucrose, 10 mM phosphate-Tris, 10 mM Tris-HCl, pH 7.4, 0.05 mM K-EDTA. To this was added 10 MlI of synaptosomal protein together with 10 Mgl of 10 mM glucose as substrate. Oxygen consumption was then calculated on the basis of temperature and protein concentration.
Enzyme assays. Contamination studies were performed at 25°C and at a wavelength of 550 nm using a recording spectrophotometer (model 240; Gilford Instrument Laboratories, Inc., Oberlin, OH). Rotenone-insensitive NADH and NADPH cytochrome c reductase assays were measured by modification of the method described by Duncan and Mackler (32) . The reaction mixture consisted of 3 ml of 0.3 mM KCN, 0.10 mM NAD(P)H, 0.1 mM cytochrome c, 1.5 mM rotenone, 50 mM K2HPO4 buffer, pH 7.4, to which 10 Ml of synaptosomal protein was added. The extinction coefficient of cytochrome was taken to be 21.1 (33) .
Lactate dehydrogenase (LDH) activity was measured by following NADH oxidation at a wavelength of 340 nm in a medium containing 40 mM potassium phosphate buffer, pH 7.4, 1 mM pyruvate, 0.2 mM NADH±0.5% Triton X-100 (34) . The extinction coefficient of NADH was taken to be 6.22 (35) 
Results
Enzyme and contamination studies. The results of the degree of contamination of the synaptosomal fraction by free mitochondria and endoplasmic reticulum are shown in Table I . In this experiment the activity of the rotenone-insensitive NADH and NADPH cytochrome c reductase is used as marker. The NADH-cytochrome c reductase is a marker for both the outer mitochondrial membrane and the endoplasmic reticulum (36, 37) , whereas the NADPH-cytochrome c reductase is specific only to the endoplasmic reticulum (36) . Therefore the difference between the two enzyme markers and the calculated value of 42.0 nm/mg protein of NADH for pure mitochondria allows us to calculate the degree of contamination with free mitochondria. From this calculation there are -6.4 and 5.7% contamination of the normal and uremic synaptosomes, respectively. These values are consistent with those published by other investigators (16) . The integrity of the synaptosomal membrane was evaluated by measuring LDH activity, which is a cytosolic marker (38) , in the absence and presence of the detergent Triton X-100. In Table I specific activities of LDH in the absence of Triton X-100 were found to be 136±15.0 and 150±15 nmol/min per mg of protein in normal and uremic synaptosomal fractions, respectively. These values increased to 995±35 and 920±40 nmol/min of mg protein, respectively, in the presence of 0.5% Triton X-100. The sixfold increase of LDH activity after lysis of the synaptosomes demonstrates an intactness of the synaptosomes before lysing with the detergent.
Total internal volume. The internal volume of both normal and uremic synaptosomes was measured before freezing at -80°C. No difference was found in the volumes between both groups of synaptosomes and the values of 3.5±0.6 and 3.4±0. 4 ,ul/mg of protein (Table II) were similar to those obtained by other investigators (18) . During the various uptake experiments, the uptake of [3H]mannitol was similar in both the normal and uremic synaptosomes (76,000±5,000 vs. 75,000±4,000 cpm/mg of protein, respectively).
Oxygen consumption. Table II shows the results of the rate of respiration of the synaptosomes in the media described in the methods section. It is shown that in both normal and uremic synaptosomes the respiratory rates are not significantly different (4.3±0.12 vs. 4.6±0.2 nmol/min per mg of protein, respectively). This similarity was also maintained in the presence of other substrates such as glucose and ADP, but was higher (22±2.0 nmol/min per mg of protein) in both normal and uremic synaptosomes in the presence of succinate, a substrate for mitochondrial and synaptosomal respiration (17, 34) . ATP determinations. ATP determinations were made in six groups of normal and uremic synaptosomes as described above. There was no difference in intravesicular ATP mea- Veratridine-stimulated sodium uptake. To assess the ability of uremic synaptosomes to transport sodium, we first evaluated sodium uptake in normal synaptosomes, using radioactive 22Na as a tracer. In Fig. 1 With veratridine stimulation (o), Na+ uptake is significantly greater than in control (A) (P < 0.001). With the addition of veratridine and tetrodotoxin (a), the uptake was significantly inhibited (P < 0.001). This graph is a mean of six experiments, and each time point was done in triplicate. Data are presented as mean±SD.
5 min. This effect of veratridine on synaptosomal sodium uptake indicates operation of a voltage-sensitive sodium channel facilitated by veratridine (39) , which selectively increases the resting membrane permeability to sodium. This results in rapid accumulation of sodium and is similar to results published by others (24, 40, 41) . As shown in the bottom curve the addition of I gM tetrodotoxin in addition to 50 gM veratridine not only completely inhibited the veratridine stimulated sodium uptake but most of the unstimulated sodium uptake as well. This is consistent with work done by Rojas and Atwater (42) , who found tetrodotoxin to be a specific blocker of the early inward and outward currents carried by sodium in neural membranes.
A similar experiment was carried out using synaptosomes from uremic rats. Fig. 2 shows the uptake pattern in this experiment. In comparing Fig. 2 with Fig. 1 both the control sodium uptake and the degree of inhibition by 1 AM tetrodotoxin were not significantly different from normal. The veratridine-stimulated sodium uptake in the uremic synaptosomes after 2 min, however, was significantly increased (P < 0.001) when compared with normal (4.12 vs. 5.53 nmol/mg of protein, respectively). The distribution of the curves over time is similar in both figures and the difference can be more clearly appreciated in Fig. 3 .
In Fig. 3 is plotted the difference between veratridinestimulated sodium uptake and the control uptake in both groups of synaptosomes. The top curve shows the relative increase in sodium uptake in uremic synaptosomes over that seen in normal synaptosomes. The time points indicated by the asterisks are significantly different (P < 0.001).
Two possible mechanisms were considered likely to explain the difference between normal and uremic veratridine-stimu- lated sodium uptake: (a) increased synaptosomal membrane permeability to sodium in the uremic synaptosomes, allowing more sodium to enter the vesicles. This could be due to an increase in the size and/or number of opened sodium channels or be due to an increase in the membrane permeability to sodium irrespective of the available sodium channels. (b) Inability of the accumulated sodium to leave the synaptosomes; this would suggest a decrease in the activity of the Na-K ATPase pump.
Membrane permeability studies. We evaluated membrane permeability by studying the effect of valinomycin on veratri- (Fig. 4) shows that the difference in veratridine-stimulated sodium uptake between normal and uremic synaptosomes is maintained. This suggests that the increased veratridine-stimulated sodium uptake observed in uremic synaptosomes does not appear to be caused by changes in synaptosomal membrane permeability to potassium. To further assess membrane permeability, we evaluated initial rate of sodium uptake in both groups of synaptosomes during the time points of 0-120 s. As shown in Fig. 5 , no significant difference in uptake was observed in the first 20 s; however, at 2 min the difference became significant. Based on these two experiments it appears that the increased sodium accumulation in uremia is not due to increased uptake of sodium but to decreased efflux of sodium from the uremic synaptosomes. Potassium uptake. We first attempted to evaluate the Na-K ATPase pump activity by looking at the ability of both groups of synaptosomes to take up potassium (Fig. 6) . The synaptosomes were loaded with 150 mM NaCl preequilibrium media, as discussed above and uptake was carried out at 250C. As shown previously by others (23, 30, 31) , rubidium is interchangable with potassium for uptake by the Na-K ATPase pump in synaptosomes, and the permeability of the synaptosomal membrane for rubidium is the same as that for potassium. In addition, there is a relative instability of radioactive potassium. For these reasons we elected to use 86Rb as a tracer in these experiments. If there is disfunction of the Na-K ATPase pump, then the expected potassium uptake in uremia should be less than that observed in normal synaptosomes.
The top curve in Fig. 6 illustrates the potassium uptake in normal synaptosomes and the bottom curve shows the uptake in the uremic synaptosomes. Uptake reached a maximum at 5 min in both groups but potassium uptake in the uremic synaptosomes was only 78% of normal (6.0 vs. 7.70 nmol/mg of protein) and was significantly less than normal (P < 0.005) between 2 and 15 min. It could be suggested however, that the decreased potassium accumulation in uremic synaptosomes may be due to a decreased amount of available intravesicular ATP. Based on our measurements of ATP, however, this appears to be unlikely. In the presence of 2.5 mM ouabain (Fig. 7) , potassium uptake was inhibited to 4.3 and 4.0 nmol/ mg of protein in the normal and uremic synaptosomes, respectively. Thus, the ouabain-sensitive component of potassium uptake in normal synaptosomes is significantly greater than in uremic synaptosomes (Table II) . This finding indicates that uremic synaptosomes have a decreased ability to accumulate potassium when compared with normal, and the uptake is ouabain sensitive. Such a result strongly suggests an abnormal function of the Na-K ATPase pump. ATP-stimulated sodium uptake. To evaluate further the action of the Na-K ATPase pump, we decided to look at the ATP-stimulated sodium uptake in inverted synaptosomes. During the preparation of the synaptosomes a fraction of the Figure 8 . ATP-stimulated sodium uptake in inverted synaptosomes at 5 min. Na' uptake in uremic synaptosomes is represented by the hatched rectangles; in normal synaptosomes, by the open rectangles. Uptake was carried out in synaptosomes in the presence of 2.5 mM ATP in the external media, with or without 2.5 mM ouabain. The ATP-stimulated Na' uptake is significantly less in uremia than in normal (*, P < 0.001). The uptake is inhibited by ouabain in both groups of synaptosomes. Five experiments were carried out in this study. Data are presented as mean±SD.
synaptosomes was reformed in an inverted manner. This occurs as a result of homogenation and freeze thawing (19) , and this population of synaptosomes was used in this experiment. The synaptosomes were loaded with a 150 mM KCI media as discussed in Methods, and uptake was stimulated by the addition of 2.5 mM Tris-ATP to the external media. As shown in Fig. 8 , at 5 minm ATP-stimulated sodium uptake was increased to 31/2 times the control value in normal synaptosomes (2.6 vs. 8.6 nmol/mg of protein), as compared with an increase to only two times control in the uremic synaptosomes (2.70 vs. 5.3 nmol/mg of protein). The observed decreased sodium uptake in uremia is significantly less than in normal (P < 0.001). With the addition of 2.5 mM ouabain to the external media containing 2.5 mM ATP, the stimulation was completely inhibited (Fig. 8) . Sodium uptake in both groups of synaptosomes returned to control values. The ouabain-sensitive component of sodium uptake in normal synaptosomes is significantly greater than that observed in uremia (Table II) . This data supports the result of the potassium experiment and again strongly suggests an abnormality of the Na-K ATPase pump. We evaluated the nature of the ATP-dependent sodium uptake in this system by looking at initial sodium uptake between 0 and 30 s. No difference was found between normal and uremic synaptosomes over the first 15 s; however, at 20 and 30 s (Fig.   9 ) sodium uptake in the uremic synaptosomes is significantly less than normal (P < 0.01).
Effects of ouabain on veratridine-stimulated sodium uptake.
In this experiment (Fig. 10) , the veratridine-stimulated sodium uptake previously observed in synaptosomes is completely inhibited. Also the difference between normal and uremic synaptosomal sodium uptake was eliminated by ouabain. This suggests that veratridine stimulation may be acting in association with the Na-K ATPase pump. Furthermore, complete inhibition of the Na-K ATPase pump results in no veratridine-stimulated sodium uptake by the synaptosomes. Veratridine-stimulated sodium uptake in choline chloride- loaded vesicles. Synaptosomal membranes are quite impermeable to choline chloride (30). Because of this property, we decided to evaluate veratridine-stimulated sodium uptake in vesicles loaded with choline chloride. This would serve two purposes: (a) to eliminate the passive sodium-potassium exchange, which is seen in the unstimulated state ( Figs. 1 and 2 ) and (b) to inactivate the Na-K ATPase pump. As shown in Fig. 11 , the effect of veratridine stimulation was similar to that seen when potassium-loaded vesicles were treated with ouabain. Again the requirement of a functioning Na-K pump to facilitate veratridine-stimulated sodium uptake is apparent.
Discussion
The data presented in this paper show a significant difference in veratridine-stimulated sodium accumulation between normal and uremic synaptosomes. The increased veratridine-stimulated sodium accumulation observed in the uremic synaptosomes does not appear to be due to the effects of uremic milieu per se, because the synaptosomes were prepared, stored, and studied in a nonuremic environment. Rather, it appears that the uremic state resulted in an alteration of synaptosomal function, which leads to an increased veratridine-stimulated sodium accumulation. Furthermore, it appears that this defect in sodium accumulation is caused by an abnormality in the Na-K ATPase pump function. This defect in pump activity results in decreased extrusion of sodium. This conclusion is based on the following observations: (a) The ouabain-sensitive component of both the ATP-stimulated sodium uptake and the potassium uptake were significantly less in the uremic synaptosomes than in normal. (b) When the potassium conductance was maintained constant during the uptake process, by the addition of valinomycin (a potassium ionophore) to the external media, the difference in veratridinestimulated sodium accumulation between both groups of synaptosomes remained unchanged. This suggested that the increased sodium accumulation in uremic synaptosomes was probably not due to differences in potassium conductance but to decreased ability of the pump to extrude sodium in exchange for potassium. (c) Initial ATP-stimulated sodium uptake in inverted synaptosomes is significantly less in uremic than in normal vesicles. However, veratridine-stimulated sodium uptake at these early points was not significantly different when comparing normal and urenic synaptosomes. (d) Finally, during the experiments, the intravesicular volume and other physical properties of the vesicles (Table II) were not significantly different between both groups of synaptosomes.
We used veratridine to stimulate sodium uptake in our experiments because of work done previously by other investigators (31, 39) in rat brain synaptosomes. Veratridine was found to selectively increase the resting membrane permeability to sodium by operation of a voltage-sensitive sodium channel, and this was postulated to be a potassium-dependent process. It was therefore possible that the increased veratridine-stimulated sodium uptake found in uremic synaptosomes (Figs. and 2) could be due to a further increase in the membrane permeability to potassium. However, this does not appear to be the case in our preparation in that addition of valinomycin to the system did not appreciably alter the pattern of sodium uptake. With regards to the orientation of our vesicles we believe that they are primarily physiologically oriented (right side out). Previously (42) , other investigators have found tetrodotoxin to block the early inward and outward current carried by sodium, potassium, or lithium ions across synaptosomal membranes. This suggested that the action of tetrodotoxin on sodium uptake was an immediate inhibition of both the stimulated and unstimulated uptake. In previous sodium uptake studies on inverted synaptosomal plasma membranes (from guinea pig cerebral cortex) (24) , it was found that the inhibitory character of tetrodotoxin was time-dependent and that it only partially inhibited the veratridine-stimulated sodium uptake. It was felt that the inverted nature of most of their preparation made them only partially exposed to tetrodotoxin, and hence accounted for the relative insensitivity to tetrodotoxin. In our preparation only -30% of the synaptosomes appear to be inverted. This may explain the significant degree of inhibition of both the unstimulated and veratridine-stimulated Na uptake that we found (Figs. I and 2) .
To understand the mechanism by which sodium is accumulated in vesicles under veratridine stimulation, we measured veratridine-stimulated sodium uptake in synaptosomes treated with 2.5 mM ouabain. As shown in Fig. 10 , not only was the stimulatory effect of veratridine eliminated by ouabain, but in addition, the difference between normal and uremic synaptosomal sodium uptake was obliterated. The question, therefore, is whether veratridine-stimulated sodium transport is either dependent on the Na-K ATPase pump or the mechanisms are mutually exclusive. On the basis ofboth the ouabain experiment and the effect of veratridine on uremic synaptosomes, it is apparent that veratridine-stimulated sodium uptake is largely dependent on the action of the Na-K ATPase pump. It is also apparent that complete obliteration of pump function eliminated the veratridine stimulation of sodium uptake (Fig. 10) . However, impaired function of the Na-K ATPase pump (as observed in uremia, Fig. 2 ) causes increased accumulation of sodium.
To test this hypothesis we evaluated veratridine-stimulated sodium uptake in synaptosomes loaded with choline chloride. In these vehicles the effects of choline chloride would be expected to (a) eliminate the passive Na-K exchange that occurs in both inside-out and right-side-out vesicles and (b) inactivate the Na-K ATPase pump. This would therefore both eliminate the veratridine effect and also obliterate the difference seen previously between normal and uremic sodium uptake. As shown in Fig. 11 , there is complete inhibition of the veratridine effect. It can therefore be concluded that veratridinestimulated uptake depends on the function of the Na-K ATPase pump.
The major contaminants of a synaptosome preparation are mitochondria, synaptic vesicles, external membranes, endoplasmic reticulum, Golgi apparatus, and lysosomes (23) . Of these the only one that is of real significance is free mitochondria. Mitochondria are found in nerve terminals, some of which are released by the shearing forces of homogenization. The mitochondria are easily separated from the synaptosomes as they are smaller (0.1-am diameter) and more dense than the synaptosomes (16) . The synaptosomes are quite large, measuring -0.6-1.2 ,um in diameter (43) and contain approximately from zero to four mitochondria which on an average is -24% of the synaptosomal volume (43) . The degree of contamination by free mitochondria in our synaptosomal preparation (Table I) is well within the limits observed by other investigators (16, 44) .
In performing bilateral uretheral ligation under anesthesia, the rats were allowed to breath room air. They were anesthetized for -20 min during which time their arterial Po2 went from 95 to 75 mmHg. Numerous investigators have studied the effects of anesthesia and hypoxia on synaptosomes of rat brain and have found no permanent alteration in the rate of oxygen consumption and energy use (44) (45) (46) . It also has been shown that there is a temporary decrease in oxygen consumption and ATP synthesis in synaptosomes both in starved rats subjected to 30 min of 7% oxygen (Po2 27.5 mmHg) and in anesthetized rats. However, these changes were normalized by feeding the animals before hypoxia or by returning them to a normal oxygen environment (44) . From these observations it does not appear that the anesthesia contributed significantly to the alteration of the Na-K ATPase pump activity that we observed.
The effects of uremia on both the central nervous system and erythrocytes have been studied in rats and humans. Minkoff Izumo and associates (47) found that there was impaired function of the erythrocyte Na-K ATPase pump in uremia. They suggested that the impairment of the Na-K ATPase pump was due to a nonouabain-like circulating factor which was markedly diminished by acute hemodialysis (47) .
Wood and associates (13) found that the rate of Na+-Li+ countertransport was reduced in erythrocytes. Similarly, Cotton and associates suggested that the resting skeletal muscle membrane potential is altered in uremia (48). Unlike in our study, these abnormalities were reversed by removal of the uremic environment. All these studies suggest that there are intrinsic functional defects in various membranes in uremia, both in humans and animals. Our finding of a decreased Na-K ATPase pump activity is consistent with these observations, and may be a significant factor in the observed central nervous system manifestation of uremia.
In 
